Abstract-In this paper, we present the dynamics, control, and preliminary experiments on a wearable upper arm exoskeleton intended for human users with four degrees-of-freedom (dof), driven by six cables. The control of this cable-driven exoskeleton is complicated because the cables can transmit forces to the arm only under tension. The standard PD controllers or Computed torque controllers perform only moderately since the cables need to be in tension. Future efforts will seek to refine these control strategies and their implementations to improve functionality of a human user.
design and redundant cables, they found favorable results of both displacement and tension analyses. These designs are quite promising, but were purely theoretical.
Our work seeks to design an upper extremity exoskeleton that is cable driven rather than being constructed out of rigid links. By taking advantage of the properties of cable driven designs, using lightweight cables, the entire system is capable of more agile dynamic movements than a comparable rigid design. Also, the actuators can be positioned on the torso of the wearer, so that the only added weight on the upper arm are those of the attachment cuffs and cables. Finally, the use of torso-mounted actuators can be combined with parallel gravity balancing [11] , as previously demonstrated in both a lower [12] and upper extremity exoskeleton [13] . With these features, we expect this exoskeleton to be better suited as an assistance device for impaired or elderly wearers for activities of daily living (ADL).
In this paper, we present a description of our device, including the design, dynamics, optimization, and control structures. Finally, we present simulation and preliminary experiment results.
II. EXOSKELETON DESIGN

A. Description
The cable driven arm exoskeleton is made up of three cuffs which attach to the user at the shoulder, mid-upper arm, and mid-forearm (Fig. 1) . The cuffs are rigid, and can be adjusted using inflatable tubes to ensure a snug, yet comfortable, fit for the user. In the current prototype, all cuffs are made from aluminum. The shoulder cuff is a semi-circle to fit the shoulder. It has radial extensions for the attachment of the cables for the device. Both arm cuffs are circular, with small radial extensions for the cable attachment points. There are six cables which connect to the cuffs and are used to drive the device actively. All six originate at the shoulder cuff, where the motors are mounted. The attachment points at the shoulder are adjustable both radially and angularly to allow optimal positioning of the motors [15] . Four of the wires terminate at the bicep cuff, and are responsible for the three degrees-of-freedom at the shoulder (plane of elevation, angle of elevation, internal/external rotation). The remaining two cables pass through the bicep cuff, and terminate at the forearm cuff. These two cables are responsible for elbow flexion and extension. The exoskeleton is controlled by six Maxon 30-Watt EC 45 flat brushless motors, mounted on the shoulder cuff. Each motor uses Maxon's DEC24/3 brushless motor amplifier. These are then powered by a modular ASTEC MP series power supply. The controllers were interfaced via a dSPACE DS1103 PPC Controller Board using ControlDesk user interface. The motors are equipped with Hall Sensors which provide feedback to the dSPACE board.
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B. Dynamics
The dynamic equations of motion of the device were derived using Lagrangian method, and the calculations were done in Maple. Values for the masses, inertias, and lengths of the arm were estimated. The DH parameters for the system are listed in Table 1 .
The coordinates (q 1 ,q 2 ,q 3 ) represent the 3-dofs at the shoulder and can also be interpreted in terms of the standard Euler angles where q 1 is plane of elevation, q 2 is angle of elevation, and q 3 is the internal/ external rotation [14] . The remaining angle q 4 is the elbow flexion. The zero position of the arm is shown in Fig. 2 and is in accordance with the DH convention; the upper arm is at the side parallel to the torso, but the elbow is in anatomically flexed position, with the forearm pointed forward (positive x direction). The equation of motion of the system are given by: 
C. Optimization
Due to the unique construction of the cable-driven exoskeleton, as compared to traditional rigid exoskeletons, extra considerations have to be given in terms of optimal cable attachment points to ensure a large feasible workspace for the arm. Unlike rigid links, cables can only be effective while in tension, so the location of the cables becomes very important. Briefly, the cable positions were selected by optimizing the area of the static workspace [15] . The static workspace was calculated by setting q && and q & equal to 0 in (1), and then determining the total number of feasible points where the arm can be in equilibrium under gravity. For each point, if there is a combination of non-negative cable tensions which satisfies (1), the point was considered feasible [16] . This process was repeated as the angular position of the shoulder cables was allowed to vary along both the shoulder and bicep cuff. The elbow cable positions were fixed by anatomical considerations, and the radial positions along the shoulder cuff were set to simplify the optimization. The final static workspace of the shoulder can be seen in Fig. 3 . The mesh grid along the surface of a sphere (centered at (0,0,0), the shoulder center) represents the tested points in polar coordinates of q 1 , q 2 . The shaded color represents the number of feasible q 3 positions tested, out of a total of 20.
D. Computational Structure
Again, due to the requirement of non-negative tension values in the cables, the control architecture is a bit more complicated than simply equating a desired control law with the equation of motion. However, to solve the system, we can take advantage of a unique property of the Jacobian. The Jacobian takes the form of a 6x4 matrix, since there are 4 degrees of freedom and 6 cables in the system. This can be written as AT=B,
where A is J(q) T , T is the vector of cable tensions, and B is the left side of the equations of motion, eqn. (1). It is important to note that the tension in the four cables that terminate at the bicep cuff have no direct effect on the elbow angle, so the Jacobian has a special structure, as shown in the next equation:
Due to this special structure, it is possible to decompose the problem into analyzing the shoulder and elbow cases separately. On solving for the elbow first, independent of the shoulder, it simplifies the computation of a feasible solution by decreasing the number of equations to be solved simultaneously. The elbow component then takes the form A 3 T(5:6)=B(4) (4) Here, T(5:6) represents the tension vector in the last two cables and B(4) represents the 4 th element of the vector B. The desired control law is used to find T(5:6). If the resulting tension specified by the control law is negative, it cannot be applied to the exoskeleton, since cables can only 'pull' but not 'push'. Instead, if the solution of the controller is negative, the solution can be written as
where T is a minimum norm solution provided by
where N(A) is the nullspace of A, m is a variable used to modify the tensions, and C is determined by the choice of a specific control law [16] . If no value of m can be chosen such that the tensions are all non-negative, those tensions which are negative are set to zero. Theoretically, the system should then be able to compensate for this infeasibility at the next iteration, as most points do have feasible solutions, assuming that the errors will not propagate.
Once the elbow tension has been solved, the computed elbow cable tensions T(5:6) can then be used to modify (2) and calculate the shoulder cable tensions according to 
where T(1:4) are the first 4 elements of the tension vector, and B(1:3) are the first three elements of the B vector. From here, the shoulder is solved in the same manner as was the elbow, since the entire right side of the (7) is known.
E. Simulation
Simulations were used to determine the effectiveness of the controllers on the exoskeleton. Simulations were done in Matlab using the ode solver ode15s for the differential equations of motion.
III. CONTROLLER INVESTIGATIONS
A. Set-point Controller
A set-point controller was implemented first on the arm exoskeleton to determine how well the reachable dynamic workspace corresponded to the static feasible region previously calculated. This controller was a simple way to investigate the dynamic workspace. The controller was a modified PD set point control. The equation of motion was rewritten as: 
so that the control law could then be written as:
where the g(q) term represents the gravitational torque, which is added to remove steady state error, K P is the proportional gain term, K D is the derivative gain, and q d is the target point.
The gain values were manually adjusted to improve the performance of the controller. The following gain values were computed to be best based on the simulation parameters: K P = 70 and K D = 40. First, the PD set-point controller was tested with a set-point that was identical to the starting position, to ensure that the controller could maintain static stability within the static feasible area previously determined. This worked quite well in most cases, and supported the stability and functionality of the control architecture.
Next, the PD set-point controller was used to broadly investigate the range of the dynamic workspace by attempting to move the arm through a full range of motion in one single degree-of-freedom, while simultaneously keeping the others constant. The results of these simulations are displayed in Fig.  5 . When angles q 1 or q 4 are in motion, the other angles remain fairly constant. However, when q 2 or q 3 are in motion, the other angles do not remain constant, but are instead affected by the motion in those joints.
While the controller is able to attempt the desired motion and may in some cases approach it, it is not possible to move exactly to a point at all places within the workspace. This is due to the dynamic coupling of the actuators to multiple joint motions. Also, in some cases, the required torque to carry out the dynamic motion may not be decomposed into positive cable tensions. At these infeasible points, the resulting tension is adjusted to the best the system can apply, but is not sufficient to maintain the desired position.
The reason it is not possible to move to all places within the static workspace, is that although the optimized static workspace shows the shoulders range of feasibility, it does not consider the dynamic effects of the cables that control the elbow. When the elbow is included, a tension is required in one of these cables; this tension then also acts on the bicep cuff, causing motion at the shoulder joint, and changing the required tensions of the shoulder cables to maintain the static equilibrium. Additionally, in select cases, if the elbow is flexed past anatomical 90-degrees, the elbow extension cable will pass anterior to the elbow joint, meaning that both cables can provide only a flexion torque. The control algorithm bypasses this problem by applying no tension to the elbow cables, but this perturbs the system away from the target.
B. Computed Torque Controller
To attempt to address the shortcomings of the PD set-point controller, a computed torque controller was implemented, since it can better utilize the dynamics of the model than the PD controller. The control law was written as:
where e is calculated as actual position minus the desired position, M(q) is the mass matrix, and h(q,q) & includes the Coriolis and potential due to gravity terms, and K 0 and K 1 are the gain values. Like the PD set-point controller, the computed torque controller was equally able to maintain a steady state position, supporting the stability of this controller as well. When given a slowly changing sinusoidal trajectory to follow, however, the computer torque controller is still not able to maintain the desired trajectory.
C. Trajectory Tracking PD Controller
Finally, the original PD set-point controller was used in a different way so that it was able to follow a series of individual points. This has the advantage of being able to prescribe the exact set of points through which to move. Though this could also have been done with the computed torque controller, the performance of the PD controller seemed more stable, and it was used instead. In this case, the control law remained the same, but the task was slightly different. It was thought that perhaps given a series of points through which to move, the error of the PD controller could be minimized. Additionally, the ability to follow a series of set-points would allow the device to be tested with standardized trajectories of joint motion during activities of daily living, such as presented by van Andel et al. [17] . First, however, a series of only 4 set-points was tested, with each point held for 1 second. The controller is able to follow fairly well for the first three seconds, but then it veers significantly off the desired trajectory.
IV. EXPERIMENT
A. Experiment setup A photograph of the experiment setup is shown in Fig. 6 . The cable driven arm exoskeleton is mounted on an 
